ABSTRACT
H
erpes simplex virus 1 (HSV-1) productively replicates in nonneuronal cells at peripheral sites of individuals, where it gains access to nerve endings of the peripheral nervous system. In sensory neurons, the virus can either replicate or establish lifelong latency, where the viral genome is relatively quiescent compared to in productive infection. Therefore, the viral genome can be expressed to produce progeny virions in both nonneuronal and neuronal cells, but it can also establish a reversible silent state in some neuron populations. As some studies suggest (1, 2) , there may be differences in how the genome is expressed in neuronal and nonneuronal cells; however, some aspects of the former study may be explained by viral spread in vivo (3) .
The transcription of HSV genes in nonneuronal cells by RNA polymerase II (pol II) (4) is sequentially and coordinately regulated (5, 6), generally being described as a cascade where three classes of genes are expressed, the immediate early (IE), early (E), and late (L) genes. IE gene transcription is activated in the absence of prior viral protein synthesis by VP16 present in the infecting virion (7) (8) (9) . The products of IE genes are required for the transcription of the E genes, which encode the DNA synthetic machinery. IE and E proteins along with viral DNA replication are required for efficient late (L) transcription, the protein products of which mostly comprise the virion structure or are required for its assembly.
Promoters for the genes of the 3 kinetic classes are generally thought to share common features. IE gene promoters contain a TATA box (10, 11) , elements that are responsive to VP16 in the incoming virion, and upstream binding sites for cellular transcription factors (7, 8, 12) . Early gene promoters that have been characterized contain a TATA box and upstream binding sites for cellular transcription factors, such as found in the thymidine kinase (tk) promoter (13, 14) . Late genes that are tightly dependent on viral DNA synthesis contain a TATA box and an initiator element (INR) (15) at the start sites of transcription (16) . Despite these similarities, genes of a particular class may be expressed quite differently.
While viral cis-and trans-acting elements are a determinant of how individual viral genes are expressed, the transcriptional environment in different cell types likely influences the expression of the genome as well. When HSV enters sensory neurons, gene expression may be repressed, and the virus can establish a latent infection. The genome of the latent virus persists in a state repressed by heterochromatin (17, 18) , where the predominant gene that is expressed is the latency-associated transcript (LAT) (19) . The genome can periodically reactivate to produce new virus by a poorly understood process that may involve the initial low-level dysregulated expression of the genome (20, 21) .
We and others have utilized a system that employs viral mutants which are defective for the expression of IE genes to model some aspects of latency in vitro (22, 23) . d109 is a mutant that does not express the IE proteins and is nontoxic to most cells in culture, and its genome is relatively quiescent in infected Vero cells or diploid human fibroblasts (23) . d109 genomes persist in an endless form in cultured cells (24) , as does latent virus in vivo (25) . Moreover, the expression of select viral genes from d109 genomes persisting in human fibroblasts is several orders of magnitude less than that of genes from wild-type (wt) virus, and the genomes are bound by heterochromatin (26, 27) as they are in latency. While it is reasonable to pursue this model of latency given the similarities with latency in vivo, the expression of mutants such as d109 in cells where latency is naturally established has not been studied in detail.
The intent of this study was to simultaneously quantify the expression of all the viral genes during productive infection with wt virus and during quiescent infection of nonneuronal (diploid fibroblasts) and neuronal (adult trigeminal neurons) cells to provide insight into (i) what determines the kinetics of expression of individual viral genes, (ii) neuron-specific differences in viral gene expression, and (iii) the expression of the viral genome as it persists in trigeminal ganglion (TG) neurons. Previous approaches to simultaneously quantify the expression of the viral genes have used hybridization to microarrays of viral sequences representing the viral genes (28) . In the present study, we used RNA sequencing (RNA-seq) of cDNA derived from infected MRC5 cells and neurons. This method proved to be sufficiently sensitive to measure the expression of all the viral genes in the absence of viral activators in MRC5 cells and TG neurons.
MATERIALS AND METHODS
Ethics statement. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal procedures were performed according to a protocol approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh (protocol number 1201001B, most recently approved on 8 January 2014). Appropriate sedatives, anesthetics, and analgesics were used during handling and surgical manipulations to ensure minimal pain, suffering, and distress to animals.
Virus and cells. Experiments were performed using human embryonic lung cells (MRC5) and primary mouse trigeminal neurons. MRC5 cells were obtained from and propagated as recommended by the American Type Culture Collection. Neurons were isolated from the trigeminal ganglia of 6-week-old CD1 mice, as described below. The viruses used in this study were d109 (ICP4
, and the wild type virus KOS. The d109, d106, n12, and KOS viruses were propagated on FO6F1, E11, E5, and Vero cells, respectively (23, 29, 30) .
Generation of neuronal cultures. The trigeminal ganglia (TG) were dissected from 6-week-old CD1 mice, and neurons were isolated following a protocol similar to a previously described procedure (31) . Neurons from the TG of 10 mice were used to seed a 24-well plate. Following establishment of cultures, the cells were maintained in Neurobasal-A medium supplemented with 2% B27, 1% penicillin-streptavidin, 0.5 mM L-glutamine, 50 ng/ml nerve growth factor (NGF), glial cell-derived neurotrophic factor (GDNF), and neurturin. The medium was changed once per week.
RNA isolation and reverse transcription (RT). MRC-5 cells (2 ϫ 10 6 ) in 60-mm plates were infected at a multiplicity of infection (MOI) of 10 PFU/cell of d109, d106, n12, or KOS. For the infection of neurons, 10 6 PFU of d109 or KOS was added to each well. The infection was performed at room temperature for 1 h with rocking every 10 min. Following infection, the inoculum was removed, the cells were washed, and fresh prewarmed medium was added. RNA was isolated with the Ambion RNaqueous-4PCR kit by following the included protocol. RNA was harvested at the indicated time points by removing the medium and adding 500 l lysis/binding buffer to MRC5 cell cultures and by adding 100 l lysis/ binding buffer per well to neuronal cell culture. For the neuron cultures, 8 wells were pooled per sample. The following steps are the same for both neuron and MRC5 samples. Cells were collected and vortexed. An equal volume of 67% ethanol was added. The solution was applied to a filter spin column and centrifuged at 12,500 rpm for 1 min. The bound RNA was washed with wash buffers 1 and 2/3. The column was centrifuged dry to remove residual wash buffer from the column. RNA was eluted in two steps with 60 l and 20 l 75°C elution solution. The RNA was treated with DNase I at 37°C for 30 min to degrade remaining DNA. The DNase was inactivated with the supplied reagent.
To generate cDNA, two micrograms of total RNA was reverse transcribed in a reaction volume of 20 l containing 0.5 l Riboguard RNase inhibitor (40 U/l), 1 l 10 pM oligo(dT) primer, 0.5 l Moloney murine leukemia virus (MMLV) high-performance reverse transcriptase (200 U/l), 2 l 100 mM dithiothreitol (DTT), 4 l nucleotide mix (2.5 mM concentration of each deoxynucleoside triphosphate [dNTP]), and 2 l 10ϫ reaction buffer. The reaction tube was incubated at 65°C for 2 min to remove RNA secondary structure, and the RT reaction was carried out for 1 h at 37°C. Following completion of the RT reaction, the reaction tube was incubated at 85°C for 5 min to inactivate the reverse transcriptase.
qPCR. RNA was diluted to 1 g in 60 l, and cDNA was diluted 1:6 in ultrapure water. A master mix containing 0.3 l of each primer (stock concentration, 100 M), 5 l Applied Biosystems SYBR green mix with 1.0 M 6-carboxy-X-rhodamine, and 0.4 l of water for a total of 6 l for each reaction was made. The primers used in this study were as follows: for gC, GTGACGTTTGCCTGGTTCCTGG and GCACGACTCCTGGGCC GTAACG, and for ICP27, GGGCCCTTTGACGCCGAGACCAGA and ATGGCCTTGGCGGTCGATGCG. The tk primers were the same primers used in previous studies (26) . A 96-well plate was prepared with 6 l master mix and 4 l of sample or standard. All samples were run in triplicate. Purified viral DNA was used to create a standard curve of 1:10 dilutions from 4,000,000 to 40 copies, which covers the threshold cycle value range for the samples tested. Quantitative PCR (qPCR) was run on a StepOne Plus real-time PCR machine. The conditions for the run were 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. At the end of the run, a dissociation curve was completed to determine the purity of the amplified products. Results were analyzed using the StepOne v2.1 software from Applied Biosystems and compiled in Microsoft Excel.
RNA sequencing. RNA was harvested using the Ambion kit as described above and prepared for sequencing following the Illumina TruSeq RNA Sample Preparation v2 Guide and accompanying kit (Illumina, San Diego, CA). The libraries were analyzed for length and concentration using the Agilent Bioanalyzer. Samples for an experiment were mixed in equimolar concentration and sent to the Tufts University Core Facility, Boston, MA, for sequencing.
Following sequencing, the Illumina reads were uploaded onto the Galaxy server for analysis (1, 2, 3) . The reads were first groomed using the Fastq groomer function and trimmed from the 3= end to remove lowquality score base reads. The reads were then mapped to the appropriate reference genome using the TopHat read mapper. For wt HSV, the strain KOS sequence was used (GenBank accession number JQ780693). For alignments, the terminal repeats (TR L and TR S ) were removed since they are redundant with the internal repeats. For d109, the plasmids used to generate the virus were sequenced (23) , and the changes were incorporated into the KOS sequence. The terminal repeats were also removed for the purpose of alignment. Cufflinks was used to quantify the mapped reads, outputting data in FPKM format. Since the number of reads and mapped reads varied between samples, the data were renormalized to the total number of reads.
RESULTS

RNA-seq analysis of productive infection in human fibroblasts
and trigeminal neuronal cultures. In order to determine the kinetics of expression of all the HSV genes in nonneuronal and neuronal cells, monolayers of MRC5 cells and cultures of adult TG neurons were infected with HSV-1 strain KOS. Total RNA was collected at different times postinfection and processed and subjected to Illumina sequencing as described in Materials and Methods. Illumina reads were processed and aligned to a modified KOS sequence. Figure 1A shows the percentage of total reads that map to the viral genome. The percentage of viral reads in the cell rapidly increases from less than 5% at 1 h postinfection (hpi) to over 60% by 6 hpi. This accumulation begins to plateau after 8 hpi, when approximately 80% of the total mRNA in the cell is virally derived. Similar results were obtained in trigeminal neuron cultures, although the percentage of viral reads was somewhat reduced compared to that in MRC5 cells. The results in MRC5 cells are consistent with previous studies using metabolically labeled RNA from infected HeLa cells and hybridization techniques (32) , where it was found that 25 to 30% of newly synthesized nuclear poly(A) ϩ RNA in the nucleus was HSV specific at 2 to 3 hpi, and this increased to 33% between 5 and 6 hpi. The same study found that most of the polysome-associated poly(A) ϩ RNA was virus specific at both times. While the previous methods differ considerably from ours, the similarity with our results helps validate the approach.
To further validate our approach, we compared the amounts of signal from representative IE, E, and L genes as determined by RNA-seq and quantitative reverse transcription-PCR (RT-PCR). Figure 1B, C, and D represent the results from ICP27 (IE), tk or UL23 (E), and gC or UL44 (L), respectively. The accumulation of these three genes was similar when measured by RNA-seq and RT-PCR, demonstrating that RNA sequencing is sufficiently sensitive and accurate to detect changes in transcript abundance over time, with the obvious additional ability to quantitatively compare differences in the expression of many genes.
The reads that mapped to the viral genome from the RNA-seq of wt virus (KOS) infection were visualized using the Integrated Genomics Viewer (33) . Figure 2 shows the reads as a function of time postinfection mapped to the KOS genome. Changes in the expression of individual genes over time can readily be seen and in many cases appear to reflect the established transcriptional cascade of viral genes. At the 1-and 2-h time points, signals for the immediate early genes, ICP27 (UL54), ICP0 (RL2), ICP22 (US1), and ICP47 (US12), are evident. The accumulation of ICP4 is not readily seen at this level of sensitivity. The three peaks between 111 and 115 kb map to the exons of the ICP0 locus, further validating the precision of RNA sequencing for HSV mRNA profiling.
At 4 h postinfection, the abundances of ICP27 and ICP22 mRNAs begin to decline. ICP0 abundance continues to increase throughout the infection but constitutes a lower proportion of expressed genes. This is consistent with previous observations (34) . Concurrently, early genes begin to be expressed. Thymidine kinase (UL23), located between 37 and 39 kb, peaks between 3 and 4 h postinfection. Expression of DNA replication machinery genes ICP8 (UL29) and polymerase (UL30), between 49 and 52 kb and 53.5 and 57 kb, respectively, also peaks at a time similar to that for UL23. Multiple other early genes show similar expression patterns.
Replication of viral DNA begins around 4 h postinfection, which enables or enhances the expression of late genes. Many late is shown relative to a map of the mRNA for each of the HSV genes. The scales of the graphs were set to normalize to the number of total reads to enable qualitative comparison of transcript abundance between different time points. The reads and the genome are represented without the long and short terminal repeats since their sequences are represented within the internal repeats. The exons of RL2 and UL15 are also shown by darker shading.
genes, particularly in the region between the genes for gC (UL44) and UL49, predominate at this time. The peak for the mRNA encoding the tegument protein VP16 (UL48) appears between 94.2 and 95.7 kb. It is expressed as early as 2 h postinfection, but its abundance continues to increase following DNA replication. UL46 also shows a similar expression pattern. In contrast, UL44, a true late gene, is not expressed until 4 hpi, after which its expression increases significantly. UL10, another true late gene located between 14 and 15.4 kb, does not have a distinguishable peak until 4 h postinfection and becomes much more abundantly expressed later in infection.
We next aligned the reads from the infections of trigeminal neurons to the virus genome. The aligned reads of cDNAs from mRNAs derived from TG neurons infected for 2, 4 and 8 hpi are shown in Fig. 3 . In addition to the reduced abundance of total viral transcripts in TG neurons, there were some notable differences in the accumulation of some individual transcripts over the 8 h. VP16 (UL48) accumulation is more abundant early in infection of TG neurons relative to MRC5 cells. It has been suggested that VP16 possess promoter elements conferring neuron-specific transcription (35) . Additionally, there was a larger proportion of the immediate early transcript region expressed, including ICP4, ICP22, and ICP47.
The visual representations of the kinetics of mRNA accumulation ( Fig. 2 and 3 ) provide a picture of the simultaneous transcription of all the HSV genes on the genome, but they lack the sensitivity to accurately reflect the transcription of many of the HSV genes. For example, an abundant transcript, such as UL44, may give rise to 2 ϫ10 5 reads, and its peak is clearly evident, while poorly transcribed genes, such as UL28 or UL36, are barely visually evident (Fig. 2) . However, there are approximately 2 ϫ 10 7 total reads in each of the multiplexed samples in Fig. 2 , providing sufficient sensitivity to quantify the poorly expressed genes. Therefore, the expression of a subset of immediate early, early, and late genes was quantified in MRC5 cells and neurons using the Cufflinks software package on the Galaxy server. The accumulation of transcripts from the IE genes in MRC5 cells and neurons is shown in Fig. 4A and B, respectively. The expression kinetics for ICP27 and ICP0 were quantitatively similar in both cells types. The kinetics of ICP4 expression were similar in the two cell types; however, ICP4 was 2-to 5-fold more abundant in neurons than in MRC5 cells. There was a considerable difference in the expression profile of ICP22 (US1). In MRC5 cells, ICP22 peaked at 4 hpi; however, transcript abundance continued to increase in neurons.
Genes specifying the proteins involved in viral DNA synthesis are considered early genes, as is the viral thymidine kinase gene. Figure 4C and D show the kinetics of expression of these genes in MRC5 cells and neurons, respectively. UL23, UL29, and UL30 followed the established expression profile for early genes, with an increase in mRNA abundance early in infection followed by a decrease after 3 to 4 hpi. UL42 was the most highly expressed DNA replication gene, reaching maximal expression by 6 hpi and with the expression subsequently remaining high through the duration of the time course. The number of UL42-specific reads indicates that the abundance of this mRNA comprised over 1% of the total polyadenylated RNA in the cell. The somewhat delayed peak in the accumulation of UL42 mRNA is consistent with earlier studies (36) . Unlike those of immediate early genes, the expression patterns of these early genes in MRC5 cells and neurons were similar, although transcript abundance in neurons was less overall. The read abundance of UL5, UL8, UL52, and UL9 was considerably less than the others, and their accumulation continued to increase following replication of DNA, reaching their maximal levels late after infection. Their accumulation appears to be more consistent with late gene expression kinetics.
Late genes (␥) require DNA synthesis for maximum expression and continue to accumulate throughout infection. Some L genes, the ␥1 genes, also have characteristics of E genes and are some of the most abundantly expressed genes of the virus. Figure 4E and F show the accumulation of 4 ␥1 genes, UL19 (major capsid protein), UL27 (gB), UL48 (VP16), and US6 (gD), in MRC5 cells and trigeminal neurons, respectively. The transcripts for these genes began to accumulate at 2 hpi and continued to accumulate to relatively high levels. VP16 and gB in particular began to accumulate very early in neurons, each eventually comprising 0.4% (4 ϫ 10 3 reads mapped to the viral genome per million total reads per kb [MR/MTR/kb]) of the total mRNA in the cell. ␥2 genes require DNA synthesis for their transcription. The accumulation of transcripts for 9 ␥2 genes in MRC5 cells and TG neurons is shown in Fig. 4G and H, respectively. Like the transcripts for early genes ( Fig. 4C and D) , the expression patterns of these late genes were similar in neurons and MRC5 cells. However, there was a large difference in the levels of accumulation of the different transcripts in this group of genes. The three most highly expressed late genes were UL44, UL45, and UL35. While displaying similar expression kinetics, the accumulation of UL10, UL22, UL34, UL37, UL38, and US8 was considerably less.
Immediate early gene mutants. Immediate early proteins of HSV are required for the expression of the remainder of the HSV genome (6) . Specifically, ICP4 is required for the expression of viral early and late genes (37) (38) (39) . Mutants deleted in the ICP4 gene are defective for transcription beyond the IE phase (29, 40) , such that the expression of a prototypic early gene, UL23 (tk) for example, is approximately two orders of magnitude less than that seen in wt virus infection (41) . ICP0 promotes virus growth and reactivation from latency (42) (43) (44) . The deletion of ICP0 from HSV already deleted for ICP4 results in the further restriction of viral gene expression (23, 26, 30) . Abrogating the expression of all IE genes results in a virus that is not toxic to cell and persists for long periods of time (23) in a repressed heterochromatic state (26, 27) resembling that seen with wt virus in vivo (17, 45) . To examine the expression across the entire genome of key IE gene mutants, MRC5 cells were infected with KOS, n12, d106, and d109 at an MOI of 10 PFU/cell for 4 h and processed for RNA-seq. n12 contains a nonsense mutation in the coding region of ICP4, rendering it nonfunctional (29) . d106 is mutated such that ICP0 is the only intact IE gene, and d109 is defective for the expression of all the IE genes (23) . The mapped reads from each virus relative to the KOS genome are shown on the same scale in Fig. 5A to illustrate the disparity in gene expression between the 4 different viruses.
Transcription of numerous genes can be seen across the entire KOS genome, while transcription of the n12 genome appears to be restricted to the UL39 and UL40 loci, ICP27 (UL54), ICP0 (RL2), ICP4 (RS1), ICP22 (US1), and ICP47 (US12). The levels of ICP0, ICP27, and ICP4 transcripts are considerably higher in n12-infected cells than in KOS-infected cells, consistent with the previously defined phenotype of n12 (29) . The expression profiles in Fig. 5A of d106 and d109 are also consistent with their published phenotypes (23) . However, this representation does not quantitatively describe the expression of the genome in the absence of the IE proteins. Considering that there were ϳ20 million reads in each sample and the percent viral reads were 44, 13, 4.9, and 0.07, for KOS, n12, d106, and d109, respectively, then there are a considerable number of reads to accurately quantify the relatively lowabundance transcription across the genome in these mutant backgrounds. For example, while no signal is visible for d109 in Fig. 5A , there are still 1.4 ϫ 10 4 viral reads in the d109 sample. Figure 5B Expression from the d109 genome in MRC5 cells is further reduced with time due to the ongoing formation of heterochromatin (26) . To examine how this repression affects expression across the viral genome and to further compare expression in MRC5 cells to that in trigeminal neurons in the absence of IE proteins, MRC5 cells and TG neuronal cultures were infected with d109 at an MOI of approximately 10 PFU/cell. mRNA was isolated at 4, 8, and 24 h and 7 days postinfection and analyzed by RNA-seq as before. The percentage of viral reads from the MRC5 samples decreased from 0.07% at 4 h to just under 0.01% at 7 days, while the percentage of viral reads in trigeminal neurons was 0.5% at 4 h and a little more than 0.1% at 7days (Fig. 6) . Therefore, the number of viral reads was about 10-fold higher in d109-infected neurons than in d109-infected MRC5 cells, suggesting a more transcriptionally active genome in trigeminal neurons. This is in contrast to what was seen in KOS-infected cells, where the proportion of viral mRNA in neurons was less than that in MRC5 cells. The locations of the reads are shown in Fig. 7 aligned to a modified d109 genome. Unlike in Fig. 5A , the scale of the graphs was chosen to view the relatively low-level expression across the entire genome. As a consequence, the signals for UL39, UL40, the internal repeats, and GFP are off the scale. They are represented in Fig. 8 . Regions where there were no reads are represented by gray areas.
The accumulation of gene-specific reads can readily be seen. Consistent with the higher level of transcription overall, there was a general trend toward higher levels of individual transcripts in neurons than in MRC5 cells. For example, the levels of glycoprotein B (UL27), ICP8 (UL29), UL30, UL41, and UL42 were higher in neurons than in MRC5 cells, even at 7 days postinfection. While transcription across the d109 genome was detected in neurons at 7 days postinfection, no transcription was detected from many loci in MRC5 cells at this time, as indicated by the gray shaded regions. This is not due to a lack of persisting d109 genomes, since it can be demonstrated that the provision of ICP0 can quantitatively "reactivate" the quiescent d109 genomes in MRC5 cells in this system (27) .
One interesting observation is the pattern of expression in neurons of genes just outside the long and short repeat regions. In the short unique region of the genome, expression of the US3/4, US5/6/7, and US8/9 clusters is evident, and it decreases over the course of 24 h. However, the abundances of the US3/4 and US8/9 clusters increase from 24 h to 7 days, as that of US5/6/7 decreases, as most of the gene do. Likewise UL1/2 and UL4/5 mRNAs decrease over the course of 24 h but increase at 7 days. This pattern is also in contrast to those of all the other HSV genes in U L .
In neurons, the pattern of expression of the genes adjacent to the long and short repeat regions is also seen within the repeats. PFU/cell) for 4 h, 8 h, 24 h, and 7 days. The RNA synthesized in the cells was analyzed by RNA-seq as before, and the reads were mapped to a modified d109 genome. The reads were aligned to the d109 genome. The GFP gene is shown in red in the deleted ICP27 locus. The maximum on the y axes of the graphs was set to 100 reads. The gray shaded areas indicate regions where there were no reads. Figure 8A shows the region of the d109 genome from the LAT promoter-proximal region through to US2. Figure 8A also shows the RNA-seq reads in this region from d109 in neurons. These signals were off the scale in Fig. 7 . Note that the only place in this region where there were no reads was in the US1 intron. The expression in this region overall was considerably greater than that of genes in the unique long and short regions (with the exception of UL39 and GFP). While the numbers of reads in this region generally decreased over 24 h, they were sustained or increased from 24 h to 7 days. The signal just immediately downstream from the previously defined LAT mRNA start site that contains an ICP4 binding site (46, 47) increased considerably from 1 to 7 days postinfection. The LAT start site is indicated by the arrow to the left in Fig. 8A and by the 2 small arrows (previously defined by primer extension analysis [48] ) in Fig. 8B . Figure 8B also shows the ICP4 binding site and the TATA box for the LAT transcript along with the RNA-seq reads for d109 in neurons at 1 and 7 days postinfection. The elevated RNA-seq signal begins precisely at the previously described LAT mRNA start site, strongly indicating that it is transcribed from the LAT promoter.
The abundances of transcripts from this region of d109 in MRC5 cells and neurons were quantified and are plotted in Fig.  8C . The XbaI site at 111,151 (Fig. 8A ) marks the locus of the ICP0 deletion in d109 (23), and therefore the sequence from the LAT mRNA start site to the XbaI site (111,151) is colinear with the 5= end of the LAT primary transcript (49) . The region quantified and designated LAT in Fig. 8C corresponds to the region from the LAT mRNA start site to 1 kb downstream. The transcription of this region is quite complicated, with the RL1 gene and the L/STs (orf P) transcripts antiparallel to each other. The L/STs TATA box, mRNA start site, and ICP4 binding sites are indicated (Fig. 8A ) (50, 51) . For the sake of clarity and because there is a distinct increase in reads on the L/STs start site (right arrow), the quantification in Fig. 8C represented as L/STs is the reads from the L/STs start site to 1 kb downstream. Also quantified in Fig. 8C are ⌬RS1, the second exons of US1 and US12, GFP, UL39, and UL27. Figure  8C shows several results. (i) The abundance of all the transcripts in this region is higher in TG neurons than in MRC5 cells. (ii) The abundance of all the HSV transcripts in MRC5 cells decreases with time such that the maximum abundance is less than 1 in 10 6 at 7 days (US1) and LAT is undetectable (Ͻ1 in 2 ϫ 10 7 ). (iii) In neurons, the abundances of UL27, UL39, and GFP decrease from 1 to 7 days by ϳ10-fold, whereas the abundances of ⌬RS1, US1 and US12, and LAT all increase from 1 to 7 days postinfection, with LAT increasing the most. (iv) The numbers of reads for LAT, L/STs, ⌬RS1, US1, and US12 reflect a transcript abundance for each that is between 1 in 3 ϫ 10 3 and 1 in 10 4 of all transcripts in the cell. This suggest that this region of the genome is considerable more transcriptionally active in TG neurons than in MRC5 cells, despite repression of the remainder of the viral genome, even in the absence of viral activators.
DISCUSSION
Next-generation sequencing has emerged as a high-throughput methodology to quantify changes in transcriptome-wide gene expression. RNA sequencing has been shown to be more sensitive for detection of low-abundance transcripts and to have a wider range of detection than traditional microarrays (52) . The goal of this study was to determine how the presence and absence of immediate early proteins impacted viral gene expression in neuronal cells (TG neurons) and nonneuronal cells (MRC5). In particular, we were interested in the expression from a virus that establishes a persistent quiescent infection in trigeminal neurons as a model for what might be occurring during latency. From the RNA-seq experiments performed, we have made the following findings: (i) during productive infection, there are deviations from the established cascade paradigm for early genes; (ii) the level of expression of late genes is largely a function of the TATA box and INR; (iii) in the absence of immediate early proteins, transcription from the viral genome occurs at low levels independent of kinetic class; (iv) neurons are less restrictive to viral transcription than MRC5 cells; and (v) genes near the joint/repeat region of the genome, and the LAT locus in particular, are more transcriptionally active during persistence in neurons.
Productive infection, gene regulation, and promoter architecture. The promoters of HSV early genes are characterized by the presence of upstream elements for cellular transcription factors. Several early genes are quantified in Fig. 4C and D. ICP8 and tk were abundantly expressed. The promoter for the tk gene contains three distinct upstream elements, two Sp1 binding sites and one CCAAT element (13) . ICP8 also contains two Sp1 binding sites. The DNA polymerase promoter contains a degenerate TATA box and one Sp1 binding site (53) . Expression of this transcript is reduced approximately 4-fold relative to that of tk and 2-fold relative to that of ICP8. UL42 was the most abundantly expressed gene, comprising approximately 1% of the total cellular RNA and peaking at 6 h postinfection, consistent with previous results (36) . The abundances of these 4 transcripts decreased late after infection.
The mRNAs for the components of the helicase-primase complex UL5, UL8, and UL52 (54) and the origin binding protein UL9 (55) were expressed with similar kinetics and intensity during early time points prior to DNA replication. Expression of these four transcripts slowly accumulated throughout the time course to low levels. The UL8 and UL9 mRNA start sites have been mapped (56) . UL8 and UL9 both have degenerate TATA boxes, and UL8 has an Sp1 site 22 bp upstream of the TATA box. UL9 has been reported to have an upstream Sp1 site; however, none are evident in the KOS sequence (56) . The UL5 and UL52 mRNA start sites have not been determined, making it difficult to localize transcription signals; however, the only potential TATA boxes within 400 bp of these genes consist of 4 A and T base pairs.
Therefore, genes with promoters possessing good TATA boxes and multiple sites for upstream factors are abundantly expressed early after infection, and their decline later in infection is pronounced. This represents the early-gene paradigm. However, it is difficult to fit some genes whose products are clearly required for DNA synthesis into this paradigm. Those with poor TATA boxes, lacking upstream elements, are expressed at a low level, their decline later in infection is not as pronounced, and in some cases (UL52 and UL9) accumulation continues at a low level. This is reminiscent of some previous studies with mutant and chimeric promoters (48, 57, 58) . Late genes (␥2) require viral DNA synthesis for their expression, and their promoters consist of a TATA box and an initiator element (59) . The promoter elements of the late genes represented in Fig. 4G and H are shown in Table 1 . The expression of these genes varies considerably. There are 4 transcripts with abundances above 10,000 mapped fragments per million reads, representing the most highly expressed late genes. The three most highly expressed genes, UL35, UL45, and UL44, have a TATA box that completely matches the consensus sequence and an initiator element with a perfect match to the first 4 bases of the consensus. UL10 is expressed to a lesser extent and has a mismatch in the TATA box. Genes expressed to levels below 10,000 have multiple mismatches the TATA box, the first 4 nucleotides of the initiator element, or a combination of both. There was no apparent correlation to the downstream activation sequence (DAS), though it likely plays an important role on a gene-by-gene basis. Therefore, the expression of late genes varies considerably, and their levels of transcription correlate with the degree of match to both the TATA box and INR element consensus, suggesting that the ability of TFIID to bind to the promoter is the main determinant in late gene transcription.
␥1 genes are transcribed early after infection, and their synthesis increases after DNA replication. Four ␥1 genes are presented in Fig. 4E and F. This group of genes is more uniform in their expression relative to the other groups of genes and is represented by a minimum of 1% of the total reads (virus plus cell). The early and sustained high level of expression is most likely due to the presence of a TATA box INR and binding sites for upstream factors in their promoters (60) . The binding sites for upstream factors enable expression early after infection, and the INR allows for the continued expression late after infection.
We hypothesize that late after infection, cellular activator function and the activity of ICP4 on early promoters become less active. We have shown that Sp1 gets phosphorylated after DNA replication and is less active in vitro (61) and that TFIIA, which is required for the activation of tk by ICP4 in vitro, decreases late after infection (62, 63) . In addition, upstream activators require a form of the mediator complex for activation, and we have shown that as infection proceeds, ICP4 interacts with a form of the mediator complex that is often associated with repression of transcription (64) . Therefore, weaker promoters, such as UL8 or UL9, which are not activated to the same extent by upstream factors such as Sp1, might not show as dramatic a decrease, or any at all, in activity late after infection. The sustained high-level activity of late genes is most likely a function of the ability of ICP4 to activate transcription through the INR sequence present at the start sites of late genes (65, 66) .
Gene expression during quiescent infection. HSV mutants engineered to not express viral activators can establish a quiescent infection in cells in culture such that their genomes are transcriptionally repressed and persist in cells (22, 23, 67) . Heterochromatin forms on d109 genomes persisting in MRC5 cells (26, 27) , reminiscent of the structure of latent viral genomes (17, 68) . We have also shown that d109 genomes may not be as tightly repressed in TG neurons as in nonneuronal cells in culture, based on GFP transgene expression and the ability to reactivate quiescent virus (69) . Therefore, we sought to compare the expression of the entire d109 genome in MRC5 cells, as a model for nonneuronal cells, and TG neurons.
Trigeminal neurons were significantly more permissive for the expression of genes across the persisting d109 genome than MRC5 cells ( Fig. 7 and 8) . The MRC5 cells are presumably more homogeneous than these TG cultures, which are known to contain populations of neurons that differ in their permissiveness for LAT expression (31) . Therefore, it is possible that some infected neurons are more permissive for HSV gene expression than others. Moreover, expression bore little relation to kinetic class. This "dysregulated" pattern of HSV gene expression has been seen in two different systems when reactivation stimuli were applied to latent HSV (20, 21) . In our experiments, the persisting genomes are devoid of genes that are thought to activate viral early and late genes, and since the infected neuronal cultures are maintained in NGF, known reactivation stimuli were not applied.
The elevated level of transcription of persisting vial genomes in neurons relative to nonneuronal cells most likely is due to the different transcriptional environment in neurons. In mammalian cells, there are three different histone H3 variants, H3.1 H3.2, and H3.3. During differentiation of neurons, the abundances of variants H3.1 and H3.2 decrease, while H3.3 accumulates (70). H3.1 contains a combination of both activating and repressive modifications, H3.2 is enriched in inactive marks, and H3.3 is enriched in activating markers and is localized to transcriptionally active regions (71) (72) (73) . The association of H3.3 with the viral genome has been shown to facilitate lytic gene expression (74) . Perhaps H3.3 facilitates transcription from d109 genomes in TG neurons, while H3.1 and H3.2 restrict gene expression in MRC5 cells. This remains to be studied.
While the d109 genome in general is more transcriptionally active in TG neurons than in MRC5 cells, a large majority of the transcripts in neurons at 7 days postinfection map to loci around the joint regions and in the unique short region of the genome ( Fig. 7 and 8) . There are several possible explanations for this. (i) Neuron-specific promoters could be directing the expression of all these genes. With the exception of LAT, which is generally thought to possess a neuron-specific promoter, it is unlikely that all of these genes (UL1, UL2, UL4, UL5, US1, US3, US4, US8, US9, US12, RS1, and LAT) have neuron-specific promoters. The underlying basis for their enhanced expression more likely has to do with a general structural property of the region. (ii) Perhaps the high GϩC content of the internal repeats relative to rest of the genome results in reduced binding of repressive chromatin in TG neurons. (iii) It is also possible that chromatin insulators, DNA elements that function to separate euchromatic and heterochromatic areas of the genome (75, 76) , are involved. Seven distinct regions containing CTCF binding sites have been identified in the HSV genome (77) . These are all located in the repeat region of the genome, and 5 remain in d109. Two specific CTCF binding sites surrounding the LAT enhancer have been shown to function as enhancer-blocking elements and maintain the localization of euchromatin to the LAT locus (78) . The presence of these elements could explain the specific upregulation of LAT expression during persistence of d109 in neurons. Other insulator elements are located surrounding other immediate early genes near the repeat regions (79) . The presence of these insulators could slow the accumulation of heterochromatin in the regions, enabling low-level transcription of IE genes in the absence of VP16. The physiological consequences of the elevated low-level expression of genes in the joint region are not known. However, an intriguing possibility involves the interplay between HSV gene products and microRNAs (miRNAs) encoded in this region (80, 81) . During latent infection, the primary latency-associated transcript serves as a precursor to several miRNAs (81) , which may target ICP4 and ICP0 (82) . The low-level expression of the IE genes and miRNAs in this region could provide the basis for the ability of the virus to reactivate in a regulated way, independent of viral activators.
